The feasibility of a novel metalloid-free Ni 57 Zr 20 Ti 17 Al 5 Sn 1 (at.%) amorphous ller metal for 304 SS brazing was investigated by induction brazing. The joining process can be completed within seconds in argon atmosphere due to the sensitive response of induction heating. The effects of joining time on the microstructure of joints and the joint shear strength were investigated. The results indicate that the joints brazed for 5 s and 10 s exhibit good wetting between the base metal and the ller metal. Overheating occurred due to skin effect for the holding time of 20 s. The brazed seam of 5 s is composed of Ni-rich phases while the brazed seam of 10 s is composed of Fe-rich phases indicating the gradual homogenization of the bonding region with the base metal as a function of holding time. Shear strength of as high as 235 MPa was obtained when brazed for 10 s.
Introduction
In many applications induction brazing may be a faster and more effective technique than vacuum furnace brazing. American Welding Society (AWS) BNi-series ller metals (Nickel-chromium based alloys with boron and silicon additions) have been used in joining of stainless steel, Ni-based superalloys, low-and high-alloy steels, etc. [1] [2] [3] [4] [5] [6] [7] [8] . These ller metals can be applied in forms of powders, powder-based pastes, rolled plates or tapes, or Metglas ® amorphous brazing foils (designated as MBF) [8] [9] [10] [11] [12] [13] [14] . The amorphous brazing foils made by rapid solidi cation have been used predominantly due to many advantages such as the amorphous structure with uniform composition and homogeneous phase state, a narrow temperature interval of melting point, a short brazing time and high atom diffusion rate 9, 15, 16) , thus homogeneous brazing joints can be obtained. Besides, using thin brazing foils ensures the saving of ller metals and acceptable appearance of the brazed joints 15) . Their minute thickness resulting in a much lower base metal erosion rate when compared to the powder forms. The low erosion rate is an extremely critical factor for thin-walled parts like compact plate-plate and platen heat exchangers, exhaust gas catalytic converters for vehicles, fuel converters for fuel cells, seals for aircraft turbines, etc. Besides, inherently exible amorphous foils are also convenient to handle when automatically assembling many precise parts in one unit prior to brazing operations 12) . In these Ni-based ller metals, metalloids such as phosphorus, boron and silicon are usually added as melting point depressants in order to lower the brazing temperature. However, phosphorus, boron and silicon can form intermetallic phosphides, borides and silicide phases after brazing. When in large amounts, these phases are detrimental to base metal mechanical properties and corrosion resistance. Longer bonding time, elevated brazing temperature and/or subsequent heat treatment are usually adapted to bring the dispersion of the metalloid intermetallic phases, however, care must be taken to prevent grain growth and the decrease of the mechanical properties 8) . This paper investigated the feasibility of a novel metalloid-free Ni-based Ni-Zr-Ti-Al-Sn amorphous foil 17) as ller metal for 304 stainless steel joining. The alloy has large supercooled liquid region (ΔT x ) and reduced glass transition temperature (T rg ), indicating its suf cient glass forming ability to be produced as an amorphous foil of adequate thickness and width to allow brazing of large size parts. The foil also possesses high ductility which permits the foil to bend 180 on itself, thus to be able to stamped in different con gurations without cracking. The microstructure and bonding strength of the joints were investigated as a function of brazing holding time.
Experimental
304 SS used in the present work is commercially available and the ller material is prepared by single-roller melt spinning. The chemical composition (mass%) of 304 SS and the ller metal were listed in Table 1 . Master alloy with a nominal compositions of Ni 57 Zr 20 Ti 17 Al 5 Sn 1 (at.%) was prepared by arc melting the mixture of pure metals under Ti-gettered high-purity argon atmosphere. From the master alloy, foil sample with a cross section of 0.02 mm × 6 mm was prepared by melt spinning under an argon atmosphere. Microstructure of the foil was characterized by a X-ray diffractometer (XRD; Bruker AXS D8) with Cu-Kα radiation. Thermal behaviors were investigated by a differential scanning calorimeter (DSC; Netzsch 404 C) at a heating rate of 0.33 K·s −1 . The 304 SS plates for brazing experiments were with a size of 2 mm × 25 mm × 50 mm. The surface of the plates was ground with SiC sandpaper down to 2000 grade, in order to produce good mating surfaces. After mechanical preparation, the plates were ultrasonically cleaned in acetone and enthanol for 10 min respectively, and then dried by hot air before assembly.
The induction brazing was conducted in an induction equipment consists of a high-frequency generator with a maximum power supply of 15.0 kW and a frequency of 200 kHz. To prepare specimens for brazing, the ller metal was placed between two pieces of overlapping 304 SS plates and the overlapping width was about 3 mm as illustrated in Fig. 1 . The overlapping width was set to be smaller than the width of the ller for minimizing the joint defects during brazing. Then they were clamped together with another 304 SS plate serving as a joint spacer. Before brazing, the specimen assembled was xed on a substrate. Then the substrate was brought into the brazing chamber and positioned under the induction coils. The chamber was then evacuated to the vacuum of 2 × 10 −2 Pa and purged for three times using high-purity argon. The brazing time were chosen to be 5, 10, 20 s respectively after reaching the liquidus temperature (T l ) of the ller metal and the brazing temperature range was 1327-1427 K. After brazing, each specimen was sectioned into ve samples, four of which were used for the shear strength tests and one for the microstructure observation. Cross sections of the joints were ground and polished and examined with electron probe micro-analyzer (EPMA; JXA-8100) equipped with energy dispersive spectrometer (EDS). The phases in the braze zone were also characterized by XRD. Vickers hardness across the bonding region was measured on a microhardness tester (HXZ 1000) under a load of 10 gf and a dwell time of 15 s. Shear strength tests were carried in an Instron universal testing machine (Instron 8801) at a cross-head speed of 0.5 mm·min −1 at room temperature. The shear strength was calculated using the following equation: τ = P/A, where P is the fracture load, and A is the contact area. The shear strength was determined as the average taken from four brazed samples. The fracture surfaces were observed by scanning electron microscopy (SEM; CamScan 3400), and chemical composition analysis was conducted using EDS attached to SEM. DSC curve of the Ni 57 Zr 20 Ti 17 Al 5 Sn 1 (at.%) foil is shown in Fig. 3 . As can be seen, the DSC trace exhibits a glass transition followed by a supercooled liquid region prior to crystallization. The glass transition temperature (T g ), onset temperature of crystallization (T x ) and temperature interval of supercooled liquid region ΔT x (= T x − T g ) for the amorphous alloy are 781 K, 791 K and 10 K, respectively. The ller metal displays a solidus temperature (T s ) of 1246 K and a liquidus temperature (T l ) of 1297 K, which are comparable to that of most of metalloid-containing Ni-based ller metals 8) . Fig. 4 (a) These results demonstrated that after the melting of the ller metal, the metallurgical interaction between the liquid ller metal and the solid base metal begins and substantial gradients of elemental concentrations across the interface were created for Fe, Cr, Ni, Zr, Ti, Al, Sn, etc. Thus high driving force was generated for these elements to interdiffuse between the ller metal and the base metal during brazing.
Results and Discussion
For the joint brazed for 10 s, the brazed seam has a thickness of about 150 μm and features high wetting and interdiffusion between base metal and ller metal, no agglomerate existed in the center of the joint and defects such as pores and microcracks absent after brazing. Three regions can be seen in the joint, and the EDS results of the three regions (white, gray and black) and the base metal adjacent are listed in Table 3 , together with the composition of the original ller metal and 304 SS for comparison. Region 1 features large amount of Fe (41.24 at.%) and Cr (9.36 at.%) and lower amount of Ni, Zr, Ti, Al and Sn compared with that of the original ller metal. The composition of region 2 is close to that of 304 SS, dissolved with small amount of Zr, Ti, Al and Sn from the ller metal. Region 3 is characterized by some deviation from 304 SS with lower concentration of Ni and higher concentration of Cr. For a longer holding time from 5 s to 10 s, the center of the bond was generally free of agglomerate and the brazed seam width increased, illustrating that intensive reaction and interdiffusion happened between the ller metal and base metal for a longer holding time during the brazing process.
In this experiment, the holding time of 20 s is too long because changes appeared in the surface area of the samples indicating that overheating occurred due to skin effect in the induction heating. With an increase in bonding time from 5 s to 10 s, the amount of Ni, Zr, Ti in the bond decreases with a signi cant migration of base metal alloying elements such as Fe and Cr into the bonding region. As a result, the composition of the bonding area turned from predominantly nickel based into iron based, which indicated a gradual homogenization of the bonding region with the base metal as a function of holding time. Figure 5 shows the phases in the braze zone of the joint brazed for 5 s and 10 s respectively. For a shorter brazing time of 5 s, the XRD pattern mainly consists of peaks corresponding to 304 SS, (CrNiFe) solid solution and some intermetallic compounds such as AlNi, Ni 2 Zr, Ni 7 Zr 3 and Ti 2 Zr. As the brazing time increases to 10 s, the phases become 304 SS, Ti 2 Zr and some unidenti ed phases. It can be seen that the Ni-based intermetallics decreased prominently with the increase of the brazing time.
The Vickers hardness of the specimens was plotted in Fig. 6 . For specimen brazed for 5 s, the results indicated that the microhardness of 304 SS to be about 232 HV and the value maintained until about 10 μm adjacent to the interfaces. These values are comparable with untreated 304 SS which demonstrated that the induction heating has little effect on the base metal. The microhardness across the interface rose to about 300 HV, which was probably ascribed to the increased concentration of Ni, Zr and Ti which diffused from the ller metal and provided a degree of solid solution strengthening. The microhardness of the center of the bonding region was about 354 HV since the brazed joint was mainly composed of mixed Ni-rich phases. As for the specimen brazed for 10 s, microhardness measurements also indicated higher hardness values across the interface (262 HV) and at the center of the bond (300 HV), but microhardness values become comparable to that of the base metal when measured at about 100 μm from the bond center. To be noticed, as the bonding time increased, the hardness of the bonding region decreased from 354 HV to 300 HV, which was attributed to the reduction of the Ni-rich phases in the bonding region.
The average joint shear strength for as-brazed single lap joint specimens brazed for 5 s and 10 s is 116 ± 15 MPa and 235 ± 18 MPa respectively. The presence of porosity and cracks in the vicinity of the joint for specimen brazed for 5 s may has a detrimental effect on its mechanical properties. The increase of shear strength for specimen brazed for 10 s is believed to have resulted from the increased dissolution between the base metal and the ller metal and the elimination of the agglomerate along the centerline of the joint. A good degree of homogeneity in microstructure and compositions across the bond may lead to good mechanical properties. Besides, the avoidance of borides and silicides due to the adoption of metalloid-free ller metal may be another reason for the high shear strength of the joint. The shear strength is higher than the maximum average shear strength value of 108 MPa obtained by adopting MBF Metglas ® Ni 76.5 Fe 4.2 Cr 13 Si 4.5 for 304 SS brazing 10) . In order to identify the fracture locations of the joints, fracture surfaces subjected to the shear test were inspected by SEM and EDS. Figure 7 (a) and (b) show the fracture surfaces and the EDS results of typical areas on the fractured surfaces of specimens brazed for 5 s and 10 s respectively. For the joints brazed for 5 s, the EDS results indicate that the composition of most area of the fracture surface is close to the original composition of the 304 SS, thus the fracture mainly took place along the interface between the ller metal and the Table 3 EDS results of positions (at.%) in Fig. 4 (d) base metal. While for the joints brazed for 10 s, the composition of most area of the fracture surface is close to the composition of the brazed region (position 1 and 2 in Fig. 4 (d) and Table 3 ), thus we can deduce the fracture failed in the center of joint. The morphologies of Fig. 7 (a) demonstrate that the joint fracture is characterized by a mixed mode of cleavage fracture and brittle fracture. The morphologies of Fig. 7 (b) indicate that the joint fracture is characterized by a cleavage fracture mode. As a result, the joint brazed for 10 s showed higher shear strength than the joint brazed for 5 s.
Conclusions
The feasibility of a novel metalloid-free Ni 57 Zr 20 Ti 17 Al 5 Sn 1 (at.%) amorphous ller metal for 304 SS brazing has been studied. A rapid induction joining technique was carried out for 5, 10, 20 s after reaching the liquidus temperature of the ller metal. The joints brazed for 5 s and 10 s exhibit good wetting between the base metal and the ller metal. Overheating occurred due to skin effect for the holding time of 20 s. The brazed seam of 5 s is composed of Ni-rich phases while the brazed seam of 10 s is composed of Fe-rich phases indicating the gradual homogenization of the bonding region with the base metal as a function of holding time. For induction brazing for 10 s, shear strength of the as-brazed specimen can achieve approximately 235 MPa.
